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DQG OLTXLG PDWUL[ LQILOWUDWLRQ /,3 WHFKQLTXHV RU FRPELQDWLRQV WKHUHRI 6XFK FRPSRVLWHV RIIHU D ZLGH UDQJH RI
SURSHUWLHVWKDWFDQEHWDLORUHGE\VHOHFWLRQRIFRQVWLWXHQWPDWHULDOVILEHURULHQWDWLRQVDQGGHWDLOVRIIDEULFDWLRQ7KH





2.1. Preform manufacturing 
,QWKLVVWXG\ILYH'DQG'SHUIRUPVKDYHEHHQPDQXIDFWXUHGWKH\ZHUHLGHQWLILHGE\VSHFLILFVWDUQDPHVHH
7DEOH7KHFKRLFHRIWKHQXPEHURIILEHUGLUHFWLRQVKDVWRWDNHLQWRDFFRXQWIRUWKHWKHUPRPHFKDQLFDOGLVWULEXWLRQ










Vsp  YROXPHRIZDWHUUDLVHGGXHWRVDPSOHEXR\DQF\ 
Vabs  YROXPHRIZDWHUDEVRUEHGE\WKHVDPSOH  
VH2O(tot)  YROXPHRIZDWHUUDLVHGGXHWRVDPSOHDQGKROGLQJZLUHGLSSLQJ 
VCu   YROXPHRIWKHLPPHUVHGSDUWRIWKHKROGLQJFRSSHUZLUH 
S  WRWDOHIIHFWLYHEXR\DQF\ 
PCu-imm  ZHLJKWRIWKHLPPHUVHGSDUWRIWKHKROGLQJFRSSHUZLUH  
ȡCu  FRSSHUGHQVLW\WKHUHIHUHQFHYDOXH8.92g/cm3LVDGRSWHG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3.1. Densification measurements 
$IWHU WKH ILUVW &9, F\FOH WKH SUHIRUPV KDYH EHHQ UHPRYHG IURP WKH RYHQ DQGZHLJKWHG WR FKHFN WKH UDWH RI
LQILOWUDWLRQWKHQWKH\KDYHEHHQSXWEDFNLQWKHRYHQIRUWKHIXUWKHUKRXUVLQWKHVDPHDUUDQJHPHQWH[FHSWIRU
SHAULAZKLFKKDVEHHQFKRVHQDVUHIHUHQFHLWHPIRUWKHILUVWF\FOHDQGWKXVGHILQLWHO\UHPRYHG,Q7DEOHWKH




JUHDWHU LQILOWUDWLRQ FRPSDUHG WR WKRVH SRVLWLRQHG EHORZ0RUHRYHU D YHU\ SRRU GHJUHH RI GHQVLILFDWLRQ KDV EHHQ
DWWDLQHGLQWKHSUHIRUPRIGELWKHRQO\RQHUHDOL]HGZLWK.\DUQ&ILEHUVKRZLQJDVWLOODOPRVWXQFKDQJHGIDVKLRQ
DIWHUWKHWUHDWPHQWH[FHSWIRUWKH]RQHYHU\FORVHWRWKHLQQHUKROORZ$VURXJKHVWLPDWLRQRIWKH&&LWHPVDYHUDJH





















































FXELFVKDSHZLWKDSSUR[LPDWHYROXPHLQWKHUDQJH25÷40 cm3VLGHa3.0÷3.5 cmDQGZHLJKWLQWKHUDQJH30÷50 g
H[FHSWRQHVDPSOHANT_3 extZKLFKKDVDSDUDOOHOHSLSHGVKDSHFRUUHVSRQGLQJWRDERXWRQHKDOIFXEH7KHVDPSOHV
ZHLJKWLVHYDOXDWHGE\PHDQVRIDKLJKSUHFLVLRQEDODQFHVHQVLWLYLW\1mg$QHVWLPDWLRQRIWKHVDPSOHVYROXPHE\
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LVFOHDUO\RYHUORRNHGE\WKHYROXPHVXQFHUWDLQW\WKHZHLJKWPSHUFHQWDJHHUURUEHLQJZHOOORZHUWKDQ7KH





LQQHUVDPSOHV DOZD\VXS WRIRURIG VDPSOHV WKDW LVGXH WR WKHXQDYRLGDEOH LQDFFXUDF\ LQH[WUDFWLQJ
SUHFLVHFXELF VKDSHSLHFHV IURPDQ LWHPZLWKF\OLQGULFDO V\PPHWU\ VXFK LVVXHEHLQJHYHQPRUH WRXJKZKHUH WKH
EHQGLQJDSSURDFKHV WKH FXELF HGJHV OHQJWK:LWK WKH DLP WRREWDLQ DPRUHSUHFLVH DQG UHOLDEOH HYDOXDWLRQRI WKH
VDPSOHVDSSDUHQWGHQVLW\DSURFHGXUHUHODWLQJWR$670VWDQGDUGV'&&KDVEHHQDGRSWHG6XFK
PHWKRG WDLORUHG IRU WKH VDPSOHVXQGHU WHVW LVEDVHGRQ WKHGLSSLQJERGLHVEXR\DQF\DQGDOVRDOORZV WRHYDOXDWH
PDWHULDO¶VSRURVLW\DVZHOODVEXONGHQVLW\E\PHDVXULQJWKHDPRXQWRIIOXLGDEVRUEHGE\WKHVDPSOH7KHZHLJKW
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VHH GHILQLWLRQV ZLWKLQ QRPHQFODWXUH ER[ ,Q 7DEOH  WKH HVWLPDWHG GHQVLW\ ȡ = P/V  ZLWK WKH FRUUHVSRQGLQJ
PHDVXUHPHQWHUURURIWKHVHYHUDOVDPSOHVLVUHSRUWHGDVZHOODVERWKWKHUHODWLYHSRURVLW\Vass/VDQGWKHEXONGHQVLW\
ȡ-BULK = P/VspLHWKHGHQVLW\RIWKHFDUERQPDWHULDOLWVHOIZLWKRXWWDNLQJDFFRXQWRISRUHV7KHUHODWLYHHUURURQ
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IURP WKH VDPSOHVZLWKLQ WKH GLSSLQJ YHVVHO FDXVLQJPH(1) RYHUHVWLPDWLRQ LHVabs XQGHUHVWLPDWLRQ GXULQJ WKH
WLFNOLVKHPHUJLQJSKDVHVKRXOGEHWDNHQLQWRDFFRXQW
















VR EDVLFDOO\ PRUH GHQVH VSHFLPHQV FRQWUDU\ WR ZKDW RFFXUUHG IRU WKH SUHOLPLQDU\ GLUHFW PHWKRG RI YROXPH
HVWLPDWLRQ
3.2. Densification analysis 
$VIDUDVWKHUHVXOWVREWDLQHGDUHFRQFHUQHGWKHIROORZLQJPDLQIHDWXUHVFDQEHQRWLFHG7KH&9,WUHDWPHQWRIWKH
SUHIRUPANTARESVRXQGVJRRGLQWHUPVRIRYHUDOOVHFWRULDOKRPRJHQHLW\ZKLOHDZHOOGHILQHGGHQVLILFDWLRQJUDGLHQW
















DURXQGRIANT 1 intVDPSOHUHVLGXDOSRURVLW\JLYHVULVHWRDEXONGHQVLW\QHDUO\1.6 g/cm3WKHGLVFUHSDQF\ZLWK
WKHFRUUHVSRQGLQJYDOXHVREWDLQHGIRUWKHVDPSOHANT 3 intPXVWEHUHIHUUHGWRPDQXIDFWXULQJVHFWRULDOLPSHUIHFWLRQV
)ROORZLQJWKHSUHYLRXVFRQVLGHUDWLRQVSHAULASUHIRUPWUHDWHGZLWKRQO\RQH&9,F\FOHVKRXOGEHLQGLFDWHGDV











g/cm3 DSRRUGHQVLILFDWLRQLVSUHVHQWLQWKHH[WHUQDO]RQHVa1.0 g/cm3HYHQGRZQWR0.9 g/cm3ZKLOHLQWHUPHGLDWH
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YDOXHV1.1-1.3 g/cm3DUHUHJLVWHUHGLQWKHPLGZD\IURPWKHKROORZFRUH7KHUHVXOWVRIALDVDPSOHVEXONGHQVLW\
DQGSRURVLW\ LQ WXUQVDUHSHUIHFWO\PDWFKHGWR WKRVHIRXQGHGLQANTARES, WKXVVXJJHVWLQJWKHDERYHPHQWLRQHG
GHSHQGHQFHRIWKHLQILOWUDWLRQPRGDOLW\RQWKHSUHIRUPSRVLWLRQZLWKLQWKHRYHQEHVLGHQRDSSUHFLDEOHLQIOXHQFHGXH
WR WKH'VWLWFKLQJPDQXIDFWXUHRI WKLVSUHIRUPKDVEHHQIRXQGHG2QWKHFRQWUDU\DQG LQWHUHVWLQJO\DOO WKHQLQH
VDPSOHVIURPALTAIRSUHVHQWYDOXHVZLWKLQUHODWLYHO\QDUURZUDQJHVLHGHQVLW\RI1.1-1.3 g/cm3SRURVLW\RI
DQGEXONGHQVLW\RI1.2-1.4 g/cm3UHJDUGOHVVRIWKHVDPSOLQJUHJLRQ7KDWKLJKOLJKWVWKHKLJKHVWFDSDELOLW\SURYLGHG
E\ WKLVSUHIRUP WREHPRUHGHHSO\ WRZDUG WKHPHGLXPRXWHU]RQHV LQILOWUDWHGE\ WKHJDV WKXVREWDLQLQJDPRUH
KRPRJHQHRXVPDWHULDOVLQFHWKHJDVPRUHXQLIRUPO\LQILOWUDWHVWKHSUHIRUP6XFKLWHPUHVXOWVDVDFRQVHTXHQFHWKH




FKDUDFWHUL]HG E\ D UHODWLYH KLJK JUDGLHQW EHWZHHQ LQQHU DQG RXWHU UHJLRQV WKH LQWHUQDO ]RQHV SUHVHQW WKH KLJKHVW
UHJLVWHUHGYDOXHVRIGHQVLW\a1.4 g/cm3EXWRQDYHUDJHWKHVHLWHPVKDYHDQRWVXLWDEOHGHJUHHRIGHQVLILFDWLRQDVD
ZKROH F WKH SUHIRUPV PRUH GLVWDQW IURP WKH JDV LQOHW SHAULA DQG ALTAIR SUHVHQW D TXLWH KRPRJHQHRXV
GHQVLILFDWLRQERWKLQUDGLDODQGFLUFXPIHUHQWLDOGLUHFWLRQLQSDUWLFXODUWKHPDQXIDFWXULQJRIALTAIRVRXQGVWREH
WKHPRVWVXLWDEOHLQRUGHUWRJDLQDQHIIHFWLYHGHJUHHRIGHQVLILFDWLRQRIKLJKWKLFNQHVV&&VWUXFWXUHE\IXUWKHU&9,
F\FOHV6XFKFRQVLGHUDWLRQVDUH VXSSRUWHGE\ WKHPRUSKRORJLFDO DQDO\VLV$FRPSOHWH URXQGXSRI6(0 LPDJHV LV








PDWUL[ GHSRVLWHG 7KDW LV LQ FORVH UHODWLRQVKLSZLWK WKH UHVXOWV REWDLQHG IRU WKHPHDVXUHG YDOXHV RI GHQVLW\ WKDW
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ZKHUHĲLVDFKDUDFWHULVWLFWLPHUHODWHGWRWKHPHDQIUHHSDWKRIWKHJDVPROHFXOHVDQGWKXVWRWKHNLQHWLFUDWHRIUHDFWLRQ
%HVLGHVWKDWLQIXQFWLRQRIWKHSUHIRUPUDGLXVrr – r0)  EHLQJWKHGLVWDQFHIURPWKHKROORZFRUHWKHGLIIHUHQWLDO
GHQVLW\ȡ*DWIL[HGWLPHPXVWIROORZWKHXQGHUVWDQGDEOHEHKDYLRU
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7KH DQDO\VLV RI WKH REWDLQHG UHVXOWV KDV VKRZQ WKDW WKH SURFHVV HIIHFWLYHQHVV LV KLJKO\ DIIHFWHG E\PDFURVFRSLF
SDUDPHWHUVVXFKDVWKHSUHIRUPVW\SRORJ\DQGSRVLWLRQLQJZLWKLQWKH&9,RYHQEH\RQGWKHQXPEHURIF\FOHVDQGWKH
SURFHVV WHPSHUDWXUH WKXVSDYLQJ WKHZD\IRUD WDLORUHGSURFHGXUHRIGHQVLILFDWLRQRQFHDVXLWDEOHFRQWURORIVXFK
SDUDPHWHUVLVJDLQHG7KHSURSRVHGHTXLSPHQWDQGSURFHGXUHDIWHUIXUWKHURSWLPL]DWLRQDUHEHOLHYHGWRSURYLGHKLJK
WKLFNQHVV&&VWUXFWXUHVZLWKGHQVLW\ ILWWLQJ WKHKLJK WHPSHUDWXUHDSSOLFDWLRQV UHTXLUHG IRU VXFKPDWHULDOVZLWKD
VLJQLILFDQWLPSURYHPHQWLQWHUPVRISURFHVVWLPHFRVWVDYLQJUHVSHFWWRWKHFXUUHQWO\HPSOR\HGPHWKRGV
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